We present a self-consistent prediction from a large-scale cosmological simulation for the population of 'wandering' supermassive black holes (SMBHs) of mass greater than 10 6 M on long-lived, kpc-scale orbits within Milky Way (MW)-mass galaxies. We extract a sample of MW-mass halos from the Romulus25 cosmological simulation (Tremmel et al. 2017) , which is uniquely able to capture the orbital evolution of SMBHs during and following galaxy mergers. We predict that such halos, regardless of recent merger history or morphology, host an average of 5.1 ± 3.3 SMBHs, including their central black hole, within 10 kpc from the galactic center and an average of 12.2 ± 8.4 SMBHs total within their virial radius, not counting those in satellite halos. Wandering SMBHs exist within their host galaxies for several Gyrs, often accreted by their host halo in the early Universe. We find, with > 4σ significance, that wandering SMBHs are preferentially found outside of galactic disks.
INTRODUCTION
New evidence for the existence of massive black holes (> 10 4 M ) near the Galactic center (Oka et al. 2017; Tsuboi et al. 2017 , but see also Ravi et al. (2017) ) raises fundamental questions about the formation of supermassive black holes (SMBHs) and their evolution within galaxies. Combined with the growing number of observed offset and dual active galactic nuclei (e.g. Comerford et al. 2011; Comerford & Greene 2014; Barrows et al. 2016 Barrows et al. , 2017 , this establishes the idea that non-central SMBHs may be relatively common and potentially observable not only in the Milky Way (MW) but also in other galaxies. Previous studies have suggested that the orbital decay experienced by SMBHs accreted onto a galaxy through minor mergers can be stalled, creating a population of SMBHs that fail to reach the galactic center within a Hubble time (Governato et al. 1994; Schneider et al. 2002; Volonteri & Perna 2005; Bellovary et al. 2010; Tremmel et al. 2015 Tremmel et al. , 2018 Dosopoulou & Antonini 2017; Dvorkin & Barausse 2017) . Tremmel et al. (2018) find that only a frac-tion of mergers involving MW-mass halos result in the formation of close SMBH pairs. Rather, many galaxy mergers (and the majority of minor mergers) result in SMBHs that are deposited on wide orbits following the disruption of their host galaxy during the interaction. Because these wandering SMBHs often come from smaller galaxies, their masses are likely close to their initial mass. Due to their connection to a previous population of satellite galaxies, future observations of wandering SMBHs may provide important insight into how often, at what mass, and in what halos SMBHs are formed.
The Romulus cosmological simulations (Tremmel et al. 2017) are uniquely capable of tracking the orbital evolution of SMBHs within their host galaxies to sub-kpc accuracy (Tremmel et al. 2015 (Tremmel et al. , 2018 . SMBHs are also seeded in the early Universe based on gas properties. This allows SMBHs to exist in smaller halos and at earlier times compared with more common approaches. In this Letter we use the Romulus25 simulation to self-consistently predict the average number of wandering SMBHs and their dynamics within MW-mass galaxies.
In §2 we discuss the simulations, the sub-grid physics implemented for SMBHs, and our halo selection criteria. In §3 we discuss our results predicting the population of wandering SMBHs in MW-mass galaxies, which are summarized in §4.
THE SIMULATIONS
Romulus25 is a a 25 3 Mpc 3 uniform volume simulation run with a ΛCDM cosmology following the most recent results from Planck (Ω 0 = 0.3086, Λ = 0.6914, h= 0.67, σ 8 = 0.77; Planck Collaboration et al. 2016), a Plummer equivalent force softening of 250 pc (a 350 pc spline force softening is used), and mass resolution for dark matter and gas of 3.39 × 10 5 and 2.12 × 10 5 M respectively. The simulation was run using the new Tree + SPH code, ChaNGa (Menon et al. 2015) , including models for a cosmic UV background, star formation, 'blastwave' supernovae (SN) feedback, low temperature metal cooling (Wadsley et al. 2004 (Wadsley et al. , 2008 Stinson et al. 2006; Shen et al. 2010) , as well as a novel implementation of SMBH formation, growth and dynamics (Tremmel et al. 2015 (Tremmel et al. , 2017 . Romulus25 reproduces z = 0 empirical relations between halo mass, galaxy stellar mass, and SMBH mass. It also results in realistic cosmic star formation and SMBH growth histories (Tremmel et al. 2017) .
SMBHs of mass 10 6 M are seeded from gas in rapidly collapsing, pristine regions capable of quickly producing a very massive black hole. More than 85% of SMBHs are seeded within the first Gyr of the simulation without a priori assumptions regarding their halo occupation. This results in SMBHs being seeded in 10 8 − 10 10 M halos, with their occupation evolving such that only ∼ 10% of 10 10 M halos host SMBHs at z = 0. This seeding method allows for a more complete census of SMBHs throughout each galaxy's merger history.
Once seeded, SMBHs are allowed to grow by accreting gas via a modified Bondi-Hoyle prescription that utilizes the local resolved kinematics of gas to account for angular momentum support. Free parameters associated with sub-grid models for SMBH and stellar physics were constrained by an extensive parameter optimization. For more details we refer the reader to Tremmel et al. (2017) .
Crucial to this work, the orbital evolution of SMBHs in Romulus25 is tracked down to sub-kpc scales by utilizing the sub-grid model presented in Tremmel et al. (2015) to account for unresolved dynamical friction. This method has been explicitly shown to result in realistic SMBH orbital evolution (Tremmel et al. 2015 (Tremmel et al. , 2018 . SMBHs form close pairs when they are within two softening lengths (0.7 kpc) of one another and are considered relatively bound ( 1 2 ∆v < ∆a · ∆r, where ∆v, ∆a, and ∆r are the relative velocity, acceleration, and distance vectors between two SMBHs). When this occurs, the individual kinematics are no longer followed and the two SMBHs act as a single object with the sum of the two masses and the same total momentum. We therefore consider SMBHs in the central 0.7 kpc of the halo to be central SMBHs and all others to be 'wanderers'. While this work has been motivated by recent claims of massive, wandering black holes in the Milky Way, our simulations are not tuned to reproduce these results, nor do we model SMBHs smaller than 10 6 M . Rather, the orbital evolution of SMBHs in Romulus25 is purely a prediction of the simulation. We use the Amiga Halo Finder (Knollmann & Knebe 2009 ) to extract individual halos from the volume. SMBH positions are taken relative to the center of the halo and their velocities relative to the center of mass velocity of the halo's inner 1 kpc. We define 'Milky Way-like' to include halos with total mass between 5 × 10 11 and 2 × 10 12 M . Romulus25 contains 26 such halos at z = 0, excluding all satellites. Halos in this mass range are large enough to have rich merger histories and substantial populations of wandering SMBHs. Smaller galaxies have quieter merger histories and fewer wandering SMBHs while there are much fewer larger galaxies in Romulus25. The similarity to the MW and Andromeda is also convenient because, due to their proximity, they may be promising initial laboratories for wandering SMBH studies. The stellar masses of these halos are similar to that of the Milky Way (∼ 10 10.15 − 10 10.85 M ) after applying a factor to account for observational limitations (Munshi et al. 2013 ). We focus on SMBHs within the inner 10 kpc of halos, as this represents a region dominated by the central galaxy (for reference the MW disk is ∼ 10 kpc in radius).
THE POPULATION OF WANDERING SMBHS IN MILKY WAY-MASS HALOS
We find a total of 316 SMBHs, including central SMBHs and excluding any within satellite halos, residing within the virial radius of 26 MW-mass halos in Romulus25, an average of 12.2 ± 8.4 SMBHs per halo and an average of 5.1 ± 3.3 SMBHs within 10 kpc of halo center, again including central SMBHs (133 total; errors are standard deviation). All but one of the 26 halos has a single central SMBH within the inner 0.7 kpc of the galaxy, with the one halo's most central SMBH residing approximately 1 kpc from halo center. Of the 108 offset SMBHs that exist within 10 kpc from halo center, 90% entered into the inner halo (D < 10 kpc) more than 2 Gyr previously. Many have existed within their current host since the first few Gyr of the simulation. These are not SMBHs with orbits actively decaying toward the center, but SMBHs on long lived, kpc-scale orbits within their host galaxy.
In Figure 1 we plot the cumulative fraction of MW-mass halos hosting different numbers of SMBHs within their central 10 kpc, including central SMBHs. We select a subset of MW-mass halos that have had no mergers of total mass ratio greater than 0.25 since z = 0.75 (16 halos) and another subset with central galaxies visually inspected to have The cumulative fraction of MW-mass halos in Romulus25 as a function of the number of SMBHs they host, including central SMBHs.
All halos host at least one SMBH within 10 kpc from halo center but the majority host more than that. The black line represents the entire sample, the blue dashed line the sub-sample without major mergers sinze z = 0.75, and the orange dot-dash line the sub-sample visually categorized as having a disk morphology. Hosting several wandering SMBHs is the norm for MW-mass halos (only 1 of the 26 in Romulus25 does not have any). The number of wandering SMBHs is insensitive to morphology or recent merger history.
a disk morphology at z = 0 (12 halos). Wandering SMBHs are commonplace in MW-mass galaxies, with only one of 26 halos hosting just a single SMBH in its inner 10 kpc. The morphology or recent merger history of the galaxy does not affect the number of wandering SMBHs, consistent with the fact that many wanderers entered the galaxy at early times and are disconnected from its recent evolution. Figure 2 shows synthetic images of stars in three example galaxies, all of which are disk dominated and have had no recent major mergers, similar to our current model of the MW. SMBH orbits are generally not within the galactic disk and have a wide range of inclinations and eccentricities. Out of the non-central (D > 0.7 kpc) SMBHs within 10 kpc of halo center in disk dominated galaxies, only 20 ± 7% exist within 30 degrees of the plane of the disk (see Figure 3) . If it were random, with the polar angle relative to the disk plane, φ, taken from a flat distribution in sin(φ), 50% of the SMBHs would be in this region, making this result significant to more than 4σ. A significant fraction of these SMBHs have large velocities perpendicular to the disk, indicating that they are only passing through the region. This is consistent with previous work. Mergers aligned with the galactic disk are more likely to deposit SMBHs closer to the galactic center (Callegari et al. 2009 (Callegari et al. , 2011 . Further, the disk is denser with stars and gas, providing more efficient dynamical friction.
The masses of wandering SMBHs are often very close to their initial mass, with over half of those within 10 kpc from halo center having grown by less than 70% of their initial mass. The gas supply declines quickly away from the galactic center, making accretion more difficult to sustain. Still, some have grown by several times their initial mass, with 8% having grown by over a factor of 10. Most of these SMBHs gain their mass through mergers and accretion early in the simulation before they are accreted onto their current host. Others were once central SMBHs that got perturbed outward and replaced. In rare cases, wandering SMBHs are able to grow significantly while on orbits that take them periodically close to the galactic center. Figure 4 shows the radial and tangential velocities of the SMBHs within 10 kpc of halo center in units of their host halos's maximum circular velocity, which varies between ∼ 150 − 300 km/s for our sample. The velocities are taken relative to the center of mass velocity of the halo's central kpc. The black line represents a total velocity of √ 2v max , which is roughly equal to the escape velocity of the galaxy. Many of the SMBHs lie within this line. In all but two of the galaxies (which both show signs of disruption) the radius of maximum circular velocity is much less than 10 kpc (generally 1-3 kpc). This implies that most SMBHs are bound to the central galaxy while the 16% that lie outside of this region are bound to the halo on larger scales and have more eccentric orbits.
Some of these wandering SMBHs may be surrounded by dense nuclear star clusters with typical masses of 10 6−7 M and effective radii of ∼ 10 pc (Wehner & Harris 2006; Ferrarese et al. 2006; . Romulus25 cannot resolve such detailed structures, but were they to exist they would effectively increase the dynamical mass of the SMBHs and potentially cause them to sink more efficiently. To test this effect, we follow the method used in Barausse (2012) and approximate the sinking timescale for each wandering SMBH using the formula derived in Binney & Tremaine (2008) . 
Probability Density
Romulus25 Wandering SMBHs Random orientation Figure 3 . SMBH Locations Within Disk Galaxies. The distribution of polar angles relative to halo center and the the plane of the galactic disk for wandering SMBHs (0.7 < D < 10 kpc) in MW-mass disk galaxies from Romulus25 (blue line). The dashed black line represents the expectation from randomly sampling a unit sphere. In Romulus25 wandering SMBHs show a clear preference to exist out of the disk plane.
friction timescale at z = 0 for each wandering SMBH in the inner 10 kpc of their host halo when a factor of 10 is added to their mass (a high estimate of the ratio of nuclear star cluster to SMBH mass). We apply a minimum impact parameter, b min , of 10 pc to represent the characteristic size of nuclear star clusters. While this significantly decreases the timescale estimated by Eq. (1), 65% of these wandering SMBHs still have a sinking timescale longer than the total time they've spent at D < 10 kpc (50% for D < 5 kpc). While this is a simplistic estimate, it indicates that our results are robust to the existence of unresolved, massive stellar components around SMBHs. The orbits of SMBH pairs are not followed at separations closer than 0.7 kpc (see §2), but we test whether it is likely that unresolved wandering SMBHs exist at smaller scales using Eqs. (1) and (2). We take the initial orbital radius, r i , to be the smallest resolved separation, 0.7 kpc. Because Eq. (2) is fit only to galaxies at z < 2 we evaluate the equation with z = min(z pair , 2), where z pair is the redshift of close pair formation. We take b max to be 0.7 kpc and b min to be the 90 degree deflection radius of the SMBH. The stellar mass is taken directly from the pair's host galaxy at the appropriate redshift. Whether calculated with host properties at z pair or at z = 0, the results of Eqs. (1) and (2) for black holes with mass ∼ 10 4 M on sub-kpc orbits in the MW (Oka et al. 2017; Tsuboi et al. 2017) . Figure 5 plots the median cumulative distribution of SMBH distances in MW-mass halos. Many wandering SMBHs exist at R > 10 kpc. These SMBHs have grown even less than those closer to halo center, with a median mass of only 1.07 times their initial seed mass and 70% having grown by less than a factor of 2. There is again not any clear dependence on galaxy morphology or recent merger history.
SUMMARY
We present a prediction from a large-scale cosmological simulation for the population of wandering SMBHs in MWmass halos using 26 halos extracted from the Romulus25 simulation. Romulus25 is uniquely able to track the evolution of SMBH orbits during and following galaxy mergers while self-consistently accounting for the changing kinematics and structure of their host galaxy (Tremmel et al. 2015 (Tremmel et al. , 2017 (Tremmel et al. , 2018 .
We predict that MW-mass halos often host several wandering SMBHs on kpc-scale orbits regardless of merger history or morphology. Wandering SMBHs are unlikely to be found in galactic disks, a result that is consistent with previous works (Callegari et al. 2009 (Callegari et al. , 2011 . The majority of wandering SMBHs have grown little since their seeding, though some have grown substantially, with growth mostly occurring at early times prior to their arrival in their final host. Previous works have shown how SMBHs are commonly deposited on wide, long lived orbits within galaxies as a result of the disruption of their host during a galaxy merger (Yu 2002; Callegari et al. 2009 Callegari et al. , 2011 Dosopoulou & Antonini 2017; Tremmel et al. 2018) . Without any stellar core to assist in their orbital decay, the SMBHs will remain on kpc-scale orbits for long periods of time. The merger history of MW-mass halos, including our own, have included many minor mergers more likely to lead to tidal disruption and the deposition of 'naked' SMBHs within the galaxy (Tremmel et al. 2018) . Such a population of wandering SMBHs in MW-mass halos has been predicted both by semi-analytic models (e.g. Volonteri & Perna 2005; Dvorkin & Barausse 2017) as well as cosmological simulations (Bellovary et al. 2010; Volonteri et al. 2016 ). An improvement over previous cosmological simulations, Romulus25 is able to accurately track the orbital evolution of SMBHs using a well tested technique that accounts for their orbital decay due to unresolved dynamical friction (Tremmel et al. 2015) . SMBHs are seeded in very specific environments at the centers of proto-galaxies at high redshift. The results presented here self-consistently incorporate galaxy merger histories as well as SMBH occupation and dynamical evolution with fewer a priori assumptions and in more detail compared to previous cosmological simulations and semi-analytical models. Romulus25 does not include the effect of three body interactions, nor does it include prescriptions for gravitational recoil events resulting from SMBH mergers. Both may contribute further to the population of wandering SMBHs in galaxies (e.g. Volonteri & Perna 2005; Blecha et al. 2016) .
Observing wandering SMBHs in massive galaxies can provide unique constraints on SMBH formation and early growth. This may be possible in the near future if these SMBHs retain a bound stellar population around them, if they interact with nearby stars and result in tidal disruption events, or if they accrete gas and appear as an ultra-luminous X-ray source or off-center active galactic nucleus. We will explore the observable nature of wandering SMBHs in future work.
